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GLACIER FLUCTUATION FOR SIX CENTURIES IN SOUTHEASTERN ALASKA AND ITS RELATION TO SOLAR ACTIVITY* DONALD B. LAW RENCE I N
RECENT years advances and recessions of glacier termini have become the subject of careful study. These oscillations have been assumed to reflect changes in weather, but study of the mechanics by which the various elements of weather favor accumulation or ablation has just begun; the nature of the possible causal agent that ultimately produces net advance or recession has remained obscure. Change in the amount of energy coming to the earth from the sun has been suspected of being a primary cause, but up to the present time there has been little concrete evidence of this, mainly because the shortness of the record of annual change in the positions of glacier termini gives us little to work with. The shortness of the weather observations available for regions where glaciers occur and the almost complete absence of such observations for altitudes where accumulation goes on have aggravated the situation. In Switzerland a sporadically kept written record of advance and recession extending back to the late sixteenth century is available,' but there the surfaces of accumulation are so high and precipitous that the general relation to climatic trends has not been easy to discover. In western North America the written record extends back only to i857 at best. Fortunately, however, woody plants have kept their own age records in their growth layers, and for the past 40 years North American tions have been reported,6it is important to find out whether the basic assumptions are correct for the area under study. The technique of study depends on obtaining a sample of wood extending from bark to center as near as possible to the stem base of the oldest tree growing on the terrain being investigated. Saws and the Swedish increment borer, a form of hollow auger, are the collecting tools, and a sanding machine and microscope are used in the analysis of samples. Vertical aerial photographs, though not absolutely necessary, greatly aid the field work and the organization of the resulting data.
Periglacial terrain features in Alaska, and in other areas where glaciers occur along the Pacific coast of North America (Fig. i) with the exception of the Prince William Sound region, present incontestable evidence that a maximum recent advance occurred a very few centuries ago and that recession has subsequently been the general rule. The most notable evidences of this are the trimlines carved in old forests by the advancing ice and the youthful character of the first-generation forests that have occupied the land freed of ice since the maximum advance. Although these features are evident to the trained observer even on foot, they would not generally be recognized by the casual traveler, because he might not guess that trees three or four feet in diameter can be less than two centuries old. However, with the aid of vertical aerial photographs for reconnaissance, even a casual observer would probably recognize the notable difference in appearance of the vegetation beyond and behind the terminal moraines and above and below the forest trimlines and the symmetrical arrangement of multiple concentric moraines within a few thousand feet or a few miles in front of the presentday ice fronts. The trained investigator is particularly fortunate in Southeastern Alaska, now that the broad coverage in I948 by the aerial photographers of the United States Navy has become available.
There are also in Southeastern Alaska other evidences that there has been notable reduction in snow accumulation within the past century or two. At moderately high levels, 4000 to 5000 feet, in the main regions of snow accumulation there is visible on the cliffs that project above the summer snow surface a band of very light color, which represents rock until recently covered throughout the year with a continuous mantle of snow and neve, the presence of which had prevented the rock from weathering to a darker color and kept it unavailable to colonization by alga and lichen pioneers. There is little evidence in this zone above timber line from which to ascertain the amount of time since shrinkage began. At intermediate altitudes, near 2000 feet just below the general timber line there is additional evidence that annual snow depth is much less than formerly. Here the floors of old cirques until recently bare of plants, or vegetated only with alpine meadow herbs that could maintain life in the brief growing season between the melting away of one year's snow cover and the beginning of the new, have been invaded successfully by shrubs and young trees that seem to require a much longer snowless season. An elfin forest cf old gnarled hemlock trees extends downward from ridges part way into the cirques, but in the one carefully examined it ended abruptly, marking the high margin of the area of former short growing seasons induced by long-lasting snows that must have persisted up to perhaps a century ago. But even at these intermediate altitudes the evidence is too fragmentary to be of much use in dating the end of the years of deep, persistent snow cover in the cirques and the beginning of those of longer growing season. It is in the lowest altitudinal zone, within a hundred feet or so of sea level, that the most useful information can be gained. Here advancing glacier termini plowed into old forest, destroying everything in their paths but leaving occasional tilted trees along the forest trimline to continue growth after the last phase of the advance; and here trees become established quickly as the ice recedes. All the conclusions reported in this paper are derived from ecological studies at these low levels. Since the objective was a rather broad survey of several glaciers emanating from the Juneau Ice Field, the work was generally restricted to the study of tree age on the terrain deglaciated since the maximum of the middle eighteenth century and of the terrain just beyond the terminal moraines formed by that advance. The data for any one glacier must therefore be regarded as incomplete, and the conclusions derived from them as tentative.
With the exception of the Taku Glacier system, which has been advancing for about half a century, and a few others, most of the glaciers of Southeastern Alaska offer certain advantages not found elsewhere because they have receded a great deal farther since their recent maximum, which seems to have come to a close in the middle eighteenth century, and because a great many more recessional morainic ridges have been preserved to this day between the positions of maximum recent advance and the present ice fronts. The main disadvantages in studying the Alaskan glaciers are the large areas that must be explored-for example, in Glacie r Bay, where recent recession has amounted to the world record of 62 miles since the middle eighteenth century8-the density of the brush, the wetness of the normal summer weather, the inaccessibility, and the high cost of transportation.
THE JUNEAU ICE FIELD
The Juneau Ice Field Research Project, of which the present work forms a part, is sponsored by the American Geographical Society. The work of the first field season (I948) has been reported in a progress report by Miller.9 The Juneau Ice Field is a name applied for convenience to the series of neves which occupy the crest of the Coast Range immediately north of the city ofJuneau. It lies in the angle between the valley of Lynn Canal on the west and the Taku Valley and its tributaries on the south and east. The work discussed in the present report was carried out in July and August of the second field season (I949); it was restricted to the main glaciers emanating from the southwest, south, and southeast sides of the ice field (Fig. 2) . The main surface of this part of the ice field forms a broad plateau about 4000 feet above the sea, punctured by scattered peaks rising to 5000 and 7000 feet. The late-summer firn line, which marks the level where annual accumulation equals annual ablation, was reported by Miller'0 to lie at 3400 to 3800 feet at the end of the summer of I948.
Let us now examine the histories of advance and recession of the individual glaciers studied last summer and consider a tentative hypothesis to explain them.
GLACIERS NORTHWEST OF JUNEAU

Herbert Glacier
Of all the glaciers surveyed, Herbert Glacier (Figs. 2 and 3) , about 20 miles northwest of Juneau, is the most promising for providing further detailed information. The position of the semicircular terminal lobe that existed at the time of maximum advance in the mid-eighteenth century and the numerous regularly arranged concentric recessional moraines are plainly visible in the aerial photograph (Fig. 4) Figure 3 . Comparison with the position of the front in I948 shows that half of the total two-mile recession since I765 occurred after I9IO. Just when the acceleration in rate of recession began is not known, but further field study should readily clarify that point.
Eagle Glacier
Only one day was devoted to Eagle Glacier (Fig. 3) , and much of that time was expended in merely getting to it and back to the Satko cabin. We could do little sampling of tree age, but we saw nothing to lead us to believe that the history of advance and recession of this glacier is different from that of Herbert. One of the oldest of the recent recessional moraines seems to have been ice-free since about I785-I787. Immediately above the western forest trimline we found the same evidences of a long time lapse since the last glaciation as have been described for station 3 at Herbert Glacier. An substratum to become a suitable seedbed. Since the studies on the older modern moraines were of necessity being based on the Sitka spruce, because that is the only woody species present throughout the first 200 years of the forest development, we devoted most attention to this species. Analysis of our ring counts from the stem bases of the sapling spruces revealed that the usual interval between the melting away of the ice and successful germination was three to five years in the slight depressions and five to seven years on the ridgetops, and these values were applied as corrections to ring counts of spruce throughout the study. The facts that the ring counts so nearly corresponded with the known number of years elapsed since the ice melted away and that in no case was the number of basal rings greater than the number of years of freedom from ice provide good evidence that the rings of the trees of this region are really annually produced and thus may be accepted as a reliable index of time. Two other forms of evidence support this view: (i) all the rings are invariably complete; and (2) crossdating between trees growing io to 25 miles apart is readily possible. Since it is usually impossible with a Swedish increment borer, and often difficult with a saw, to obtain a sample of wood of the larger trees at the very stem base, we were interested in working out also values for correcting ring counts at various heights above the surface of the parent soil material on which the seed germinated. All spruces cut at these stations and some collected at Herbert Glacier station 6 were therefore sectioned at 6, I2, I8, 24, and 30 inches above the stem base as well as at the base. Though we found that there was a good deal of variation in the number of years required for growth to a given height, and that the greatest variation was within the first 6 inches, the usual period for attaining the 6-inch height was 5 years, for I2 inches 7 years, for i8 inches 8 years, for 24 inches 9 years, and for 30 inches io years. These values were used in correcting ring counts throughout the study except at Twin Glaciers in the Taku Valley, where the rate of diameter growth had been so rapid that it seemed justifiable to assume that a height of i6 inches was attained in only 3 years instead of 7 or 8.
At Mendenhall, as at Herbert, not every moraine was sampled, so that further field work will be necessary to fill in the details. The similarity to conditions at Herbert was again strong, and there is no reason to believe that the history has been very different. The total recession since the middle eighteenth century has been two miles, and half of that has occurred since the position plotted by Knopf in I909-I9io ( Spruces sampled at station 6, in the middle part of the terminal moraine of maximum recent advance, show that deglaciation occurred about I767-I769, whereas at station 5, near the east margin, the ice remained until I786-I788 and deposited on top of the I2-foot-high moraine ridge some monstrous boulders, one 24 feet long and 9 feet high. At station io, on the west lateral moraine just below trimline, deglaciation had occurred by I772-I774. At station ii an extensive wind throw about I882-I883 tilted many trees; the first impression was that they had been tilted by advancing ice, but they were found to occur both above and below the lateral moraine and trimline.
Within the area deglaciated since the modern maximum, the moraine at station 7 was ice-freed about I832-I834, the next younger moraine at station 8, which unites with the older one at both ends, was ice-freed about I865-I867. There is evidence in tilted trees at station 7 that a readvance occurred between I832 and i865, perhaps overrunning moraines formed in (Fig. 2) a most unusual sight greets the eye (Figs. 6-8) . Emanating from the same ice field, and with termini side by side and less than a mile apart in I948 and I949, lie two glaciers, Norris and Taku, the first receding, the second advancing. We have sufficient historical data to know that Taku has been advancing since at least I900 and that Norris, after a period of minor fluctuations, has been receding since about I9I6. The activity of Norris Glacier, then, is more nearly normal, to judge from the glaciers already discussed; that of Taku and its distributary arm, Hole-in-the-Wall Glacier (to be considered later), most abnormal.
Norris Glacier
The periglacial terrain features between the Norris ice front and Taku Inlet were studied in I94I, and since tree-ring material was collected at that time, the area was not revisited last summer. The terrain consists chiefly of an extensive outwash apron, parts of which adjacent to the inlet must have been deglaciated as early as I828-I830.
Periodic outbreaks under the ice of a lake along the flank of the glacier above its terminus, which have been occurring at least since I9I6 (personal communications from W. S. Cooper and Louis DeFlorian),'7 have kept much of the outwash fan so un- Although much more detailed field work should be done here, evidence is already available to indicate that in the middle of the eighteenth century Norris Glacier, in coalescence with its neighbor Taku Glacier, extended across Taku Inlet to Taku Point, three miles beyond its I948 terminus. This evidence consists of two fragments of what appear to be moraine ridges south of Taku Point (Fig. 6) , a forest trimline that stands ioo to I50 feet above tidewater on Taku Point, against which Norris Glacier must have pushed, and a heavily scoured region between that trimline and the inlet, over which the Taku River must have flowed when the tip of the ice dam rested there. At Taku Point (Figs. 6, 9 ) a first-generation forest that began to grow about I755-I757 stands immediately below the trimline, and a very old forest perched on rotten logs and surely undisturbed since I390 or earlier stands-above the trimline.
Taku Glacier
For many years before the early I940's Taku Glacier was probably the best-known glacier in Alaska, because in those days the head of Taku Inlet was still deep enough to admit large tourist ships. More recently, however, as the ice has continued to advance, the inlet has become silted, so that only shallow-draft vessels can approach it closely. In I890, Taku have been transferred to the sketch map (Fig. 6) , so that a comparison of the I890 and I948 positions can be readily made. Photographic confirmation of the great advance since the I890's is seen in Figure 9 . According to Field (personal communication) "in I890 I. C. Russell visited Taku Glacier and recorded the impression that it was retreating. In I903 H. F. Reid referred to a report that the glacier had been greatly affected by the earthquake of I899 but that the resulting losses were then being made up. By I904 a net advance had occurred. I know of no evidence that the present advance began before I899 and I believe if it did, that it is quite possible that the loss of ice in the earthquake in that year nullified the advance so that it started again from the I890 position about I900." It is estimated, therefore, that Taku has advanced about 312 miles in 48 years. If this rate is continued for another 32 years, the remaining two-mile gap between the terminus and Taku Point will be closed up, and again an ice dam will block the Taku River as it must have in the middle eighteenth century. It has been stated in the literature'9 that Taku Glacier was in a more advanced position in I935 than it had been for many centuries, and indeed the large size of the individual trees at the edge of the ice led me to the same conclusion after superficial observation in I94I. But now I must contradict that idea; for careful sampling of the forest, into which the ice was plowing (Fig. II) along its north margin last summer, revealed that it is a first-generation forest of spruces and hemlocks without rotten logs and stumps, and that the time when the ice of the last recent advance melted away in that area must have been as recent as about I77I.
The evidence on Taku Point described for Norris Glacier holds for Taku Glacier also. The whole tip of Taku Point below an altitude of IOO-I50 feet is heavily scoured (Fig. 9) , and it seems to have formed both abutment and spillway of a gigantic ice dam derived from both Taku and Norris. Additional confirmatory evidence of the extent of that recent advance by Taku is found in the submerged ridge (Fig. 6) iz-~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~-then trees had begun to grow Io miles upstream on parts of the terminal moraine of Twin Glaciers, which had apparently been deposited below the lake surface. The shore line of the glacier lake as roughly identified from the aerial photographs is shown in Figure 6 , and it will be noted that the whole terrace on which Taku Lodge is built was then lake floor. The forest on that terrace is in a young stage of the first generation. To review the complex history of Taku Glacier, then, we may infer that it advanced along with all the others already described, to a maximum sometime in the middle eighteenth century, and then began to recede along with the others. This part of its history was normal, but by I900 at the latest -a readvance began that has continued to the present time. The total recession from the position of maximum recent advance must have amounted to more than five miles, before the readvance began. Just what caused this glacier to begin advancing after receding extensively is not fully known. The extent to which its readvance may have hastened the recession of the other glaciers feeding from the same ice field, through "snow piracy," may be discovered at higher levels by study of the degree of competition among these glaciers for snow from a source that is shared by the Taku.
Hole-in-the-Wall Glacier
Sometime between i888 and I906, when the surveying was done for United States Coast and Geodetic Survey Chart 8300,21 Hole-in-the-Wall Glacier did not exist at all (Fig. 6) , and its present bed was occupied by a lake about I.2 miles long. Since then it has advanced onto the tide flats of the lower Taku River. Any satisfactory explanation of the recent readvance of Taku Glacier would serve to explain the behavior of Hole-in-the-Wall, since it is a distributary arm of Taku. Figures I2 to I 5 show various stages in its advance since I934. As far as can be judged from the trees growing along its margin today, its history is one of advance to a maximum in the middle eighteenth century followed by normal recession. At an unknown time it began readvancing. It is advancing today into a very sparse firstgeneration forest, the age of whose individuals indicates that recession from the last maximum was in progress by about I790-I792. Just how far it advanced in the middle eighteenth century is not yet known, but three parallel forested ridges rising out of the tide flats I.5, i.o, and o.7 miles beyond the I948 ice front (Fig. 6) Perhaps the most spectacular glaciers of the lower Taku Valley are the Twin Glaciers (Fig. 6) , which end in a lake three miles across. Their history is obviously similar to that of Herbert and Mendenhall and is not complicated by present readvance, as in the case of the Taku. The total recession since the stage of maximum recent advance in the middle eighteenth century, when there was a large semicircular terminal lobe, had amounted by I948 to 3.3 miles for West Twin and 2.5 miles for East Twin. The difference may reflect effects of recent snow piracy by the Taku, whose feeding ground is much more closely associated with West Twin than East. Twin Glaciers Lake was found to be at least 447 feet in depth, and according to historical records22 it was still completely filled with ice in I893-I894. The position of the edge of the ice as recorded then is shown in Figure 6 , though a large area which must have been debris-covered ice has since melted out and increased the size of the lake. I saw evidence in I94I that melting was still going on-small islands recently sunk below the surface of the lake bearing drowned young spruces. In a photograph taken in I923, East and West Twins are still joined in a common bulbous tip, with giant bergs, some apparently more than a mile long, floating in the lake. According to Field (personal communication), the two glaciers were still joined at their termini when he visited the area briefly in I926, but an aerial photograph taken by the United States Navy in I929 shows two termini separated by a distance estimated at a few hundred feet.23
Detailed work on the age of moraines formed since the maximum recent advance was carried on last summer along the line A-B in Figure 6 . The trees on the terminal moraine had grown to very large size, some as much as 46 inches in diameter at breast height, so that a special technique using a socket-wrench extension to our borers was devised by Hulbert for collecting cores all the way to the center. The oldest trees tested in this way showed that the I4-foot-high terminal moraine must have been freed of ice by about 1775-I777.
The ridgetop here bore a mantle of what seemed to be lake silt; a machete blade could be thrust into it to a depth of six to eight inches below the bottom of the organic layer without striking any pebbles. Since we studied the Twin Glaciers area before the Taku Glacier and Taku Point areas, this was our first intimation that the Twin Glaciers moraine must have been formed under the surface of a water body; investigation of the Taku Lodge terrace disclosed further evidence that sent us on to Taku Point in search of final confirmation. Later we learned of a local Indian legend that mentioned a lake formed by a dam across the river near Taku Point.
At the Twin Glaciers study area all the moraines along the line A-B were sampled, and the years of deglaciation were found to be I775-I777,   I788-I790,  I800-I802,  I835-I837,  I844-I846,  I857-I859,  I869-I87I, and I877-I879.
The oldest trees that could be found on the level shore of the lake indicate that the subaerial history of that surface does not precede about I88I-I883.
Wright Glacier
We did no ground work on the terrain in front of Wright Glacier. To judge from the aerial photographs, its position of maximum advance was only 0.7 mile beyond the I948 ice front, and the position of the apparent shore line would suggest that the terminal moraine was formed under water, as it was at the Twins. Much difficult ground work will need to be done here before we can arrive at any sound conclusions regarding the history of this glacier, which emanates not from the Juneau Ice Field but from an entirely different ice field to the south of the Taku Valley (Fig. 2) .
A TENTATIVE HYPOTHESIS ON RECENT GLACIER PERIODICITY IN NORTHWESTERN NORTH AMERICA
In the results that have been presented here, one notable feature stands out. That is the synchronism, for all the glaciers studied, of an advance of the termini to positions of maximum extent in the early or middle eighteenth century and the beginning of recession by about I765. It is true, of course, that these glaciers all emanate from the same broad ice field, so that uniformity of behavior in this respect would be expected. But the synchronism with the glaciers of the Glacier Bay area, 65 Fig. I2) . thereby increasing ablation while at the same time decreasing the amount of snowfall. Conversely, during periods of low sunspot number, the frequency of southerly winds should increase, bringing greater cloudiness and thus decreased ablation and increased snowfall, causing glaciers to accumulate more rapidly than they melt, with a resultant net advance at the terminus, or perhaps merely a cessation in shrinkage or a reduction in the rate of recession. It was with great interest therefore that while reading Stetson's "Sunspots in Action"30 I stumbled on the fact that two workers, Maunder and Douglass,3' had independently assembled evidence pointing to a period of great sunspot dearth 60-70 years long that closely preceded the time of maximum recent glacier advance in Alaska, Oregon, and British Columbia. The concordant results of the Juneau Ice Field studies reported here are strong evidence of the significance of this interesting correlation (Fig. i6) .
THE PROLONGED SUNSPOT MINIMUM OF I645-I7I5
The most comprehensive, though not the earliest, report of this phenomenon was prepared by the late Professor E. Walter Maunder32 of the Royal Observatory, Greenwich, England. He pointed out that for the first 35 years after I6Io, when sunspots were first seen by Galileo through his new telescope and a careful systematic record of their numbers was begun by Galileo and Scheiner (I6II), the periodicity of spottedness seems to have been normal, with minima in I6I9 and I634 and maxima in I625 and I639.
But from I645 to I7I3 almost no spots were observed, and those seen were all in the sun's southern hemisphere.33 In I7I4-I7I5 many spots appeared in high latitudes in the northern hemisphere, and in I7I6 spots were plentiful. In Maunder's own words:
Thus for close upon 70 years, the ordinary progress of the solar cycle, as we have been accustomed to it was in abeyance-in abeyance to such a degree that the entire records of those 70 years combined together would scarcely supply sufficient observations of sunspots to equal one average year of ordinary minimum such as we have been accustomed to during the past century.
He pointed out that the dearth must have been real and not due to inadequate equipment, because the telescopes then were more powerful than those used by Galileo and Scheiner in their discovery. Nor were observers few: sixteen qualified men were watching for sunspots during this period. Maunder further emphasized:
It ought not to be overlooked that, prolonged as this inactivity of the Sun certainly was, yet the few stray spots noted during the seventy years' dearth,-i66o, I67I, I684, I695, I707, I7I8,-correspond, as nearly as we can expect, to the theoretical dates of maximum ... so the above-mentioned years seem to be marked out as the crests of a sunken spot-curve.
He quoted from Miss Agnes Clarke's report that there was strong but indirect evidence that the prolonged sunspot minimum was attended by a profound magnetic calm; for in England not an auroral glimmer was chronicled in the whole seventeenth century, and even in Iceland and Norway they became so rare as to be considered portentous, and their reappearance at Copenhagen in I709 was greeted with consternation and amazement. First of all, we need to know for many glaciers of northwestern North America how greatly shrunken the glaciers were before the maximum recent advance, for how long a time they were in that shrunken condition before the advance began, when it began, its rate of advance, and when the peak occurred. Careful study of both the living forest trees and the interstadial fossil forest remains should supply this information. Work has already been carried on for many years by Cooper 8 for the Glacier Bay region, but more work is needed even there.
Secondly, we need to study in much more detail all the moraines available for a given glacier; those of Herbert seem most promising because of their apparent regularity and completeness.
Thirdly, there are several strong moraines that have been formed by various glaciers of this general region at known dates since I900. The times at which these were formed should be compared with the years of sunspot minima shown in Figure I7 to see whether they fit into the scheme.
Fourthly, we need to compare distances of recession from position of maximum recent advance to present ice front for many north-facing and south-facing glaciers. Among glaciers with comparable nutrition and exposed to comparable amounts of clear and cloudy weather, the south-facing glaciers should have receded much greater distances than the north-facing ones, if differences in amount of solar energy impinging on the ice fields and their glaciers have been basically responsible for the variations we observe. Glaciers of symmetrical volcanic cones should be most useful for this test.
Finally, we need to study carefully through at least two cycles of sunspot minima and maxima the various elements of weather at a series of stations located at different altitudes in this region, so that the mechanics by which the glacier economy is altered by variation in solar activity may be learned. states also that the neve line in Prince William Sound, at least in the northwestern part, at Harriman Glacier and in Blackstone Bay, is much lower than at most other places along the coast. In this connection it is important to point out that with increase in temperature, which has been noted since I900 especially, the altitude at which maximum precipitation occurs in the form of snow should rise.42 Simple computations show that it should rise about 280 feet per degree Fahrenheit rise in temperature. If the zone of maximum precipitation in the form of snow was already at a very low altitude in the early i6oo's, as it seems to be today, perhaps the reduction of temperature which apparently occurred in the late seventeenth and early eighteenth centuries would not have had much effect. It should also be true that for ice fields nourished rather uniformly over a wide altitude range because of the precipitousness of the surfaces of accumulation, as seems to be the case in the Prince William Sound region, increase in temperature of even several degrees over a period of years should make little difference in the amount of snow that reaches the glaciers; though the altitude of maximum precipitation as snow would rise, nourishment should still be about the same. Consideration of these ideas would lead us to expect local reduced sensitivity of the Prince William Sound glaciers to changes in solar activity.
The greatest sensitivity to solar changes should be shown by glaciers nourished by ice fields lying mainly at a critical low altitude without numerous high peaks to draw from, such as the Juneau Ice Field, where, as has been noted, the firn line now lies just a few hundred feet below the general level of its snow accumulation surface. A general rise in temperature of only a few degrees would expectably cut off the whole ice field from much of its source of snow and perhaps replace it with an equivalent amount of rain, which would cause ablation rather than accumulation and result in rapid shrinkage. It is quite possible that the extensive recession in Glacier Bay, where the accumulation surfaces lie at altitudes much lower than those of the Juneau Ice Field, has been brought about by this mechanism, emphasized of course by the palmate valley system noted by Cooper.43
To summarize, the glaciers emanating from the southern part of the Juneau Ice Field, including Eagle, Herbert, Mendenhall, Norris, Taku and its distributary arm, Hole-in-the-Wall, and Twin Glaciers, seem to have advanced in unison to a maximum sometime in the early or middle eighteenth century, which surely had not been exceeded since before the I300'S, and from which recessions of I.3 miles to 5 miles beginning by I765 at the latest subsequently occurred. The same chronology has been reported from Glacier Bay, Alaska, from Garibaldi Park, British Columbia, from Mt. Hood, Oregon, and even from Norway and Iceland. A close correlation is noted between the time of this glacier maximum and the end of the 70-year period of great sunspot dearth which extended from i645 to I7I5. The few spots observed then were all in the sun's southern hemisphere, but whether this fact has any bearing on the case is not known. The dearth period was independently reported by Maunder from historical records and Douglass from living pine-tree growth curves in Arizona. The hypothesis is offered that reduction of solar energy inflow to the earth and the various weather alterations attendant upon that great and prolonged sunspot dearth resulted in the general glacier advance that had its climax in the middle eighteenth century. The relatively high positive correlation that exists between winter atmospheric pressure and sunspot number in the latitude and longitude represented by the northwestern part of North America, as reported by Clayton, is offered as one evidence that glacier advance at times of low sunspot numbers is to be expected here. Further evidence is the relation between times when recessional moraines have been formed since the middle eighteenth century by Herbert, Mendenhall, and Twin Glaciers and the years when sunspot minima of the "II-year cycle" occurred. The need for further detailed information for testing this hypothesis is emphasized. The trend since I765 has been one of general recession except for occasional slight temporary readvances such as observed in the Norris in the i88o's and from i906 to I9I6. For the past third of a century almost all of the glaciers emanating from the southern half of the Juneau Ice Field have receded at an accelerated rate. The Taku and Hole-in-the-Wall Glacier system constitutes the one notable exception. Its strong advance, continuing from about I900 to the present, is still in need of adequate explanation.
If further work confirms the relation suggested here between reduced solar activity and glacier advance, we may have new evidence for testing old theories regarding the causes of Pleistocene glaciation. In closing I should like to quote from a recent article by Donald H. Menzel44 that is particularly apropros.
We are now in a scientific period where intensive study of the sun, together with simultaneous study of many types of terrestrial phenomena, should lead to discoveries of vital interest and practical value....
Geologists and meteorologists have hesitated to ascribe the variability of terrestrial climate to a solar cause. But many have gradually come to the conclusion that a solar origin is the only remaining acceptable hypothesis. A million years is only a small amount of time in terms of the age of the sun or earth. Any variations in the output of solar heat cannot be attributed to evolution. But we cannot disprove, at the present time, the suggestion that the sun may have a long-range variability in addition to its iI-year cycle.
